Fatty acid-biosynthetic activity in rat liver cytosol fractions is much greater when the bivalent cation in the assay system is Mn2+ than when it is Mg2+. This difference between bivalent cations can be abolished if the cytosol fractions are preincubated with isocitrate and the bivalent cation for 30min before assay of fatty acid-biosynthetic activity. In a search for the biochemical basis of this phenomenon, the following differences between Mg2+ and Mn2+ were established: (1) Mn2+ promotes acetyl-CoA carboxylase activity of the protomeric form of the enzyme under conditions in which Mg2+ does not; (2) Mn2++ATP have little inhibitory effect on the polymerization of acetyl-CoA carboxylase whereas Mg2+ + ATP are markedly inhibitory; (3) under conditions in which utilization of malonylCoA in condensation reactions is prevented, the steady-state concentration of malonyl-CoA formed by a cytosol fraction is much greater with Mn2+ than with Mg2+. The role that each of these specific differences between Mn2+ and Mg2+ might play in causing liver cytosol preparations to have greater fatty acid-biosynthetic activity in the presence of Mn2+ is discussed.
The biosynthesis of fatty acids involves the conversion of acetyl-CoA into malonyl-CoA (Wakil, Porter & Gibson, 1957) in a reaction catalysed by acetyl-CoA carboxylase [acetyl-CoA-CO2 ligase (ADP), EC 6.4.1.2] (Wakil, 1958) . Since the ratelimiting step in fatty acid biosynthesis is believed to be the acetyl-CoA carboxylase-catalysed reaction (Ganguly, 1960; Numa, Matsuhashi & Lynen, 1961; , this step has been focused upon as a site of regulation. This reaction is stimulated by citrate, isocitrate and a variety of dicarboxylic acids (Martin & Vagelos, 1962; Waite & Wakil, 1962;  Matsuhashi, Matsuhashi, Numa & Lynen, 1962) , citrate and isocitrate being the most effective stimulators, and is inhibited by long-chain fatty acyl-CoA derivatives (Bortz & Lynen, 1963; Numa, Ringlemann & Lynen, 1965) and by free fatty acids (Korchak & Masoro, 1964) . Citrate and isocitrate have been shown to promote the transformation of low-molecular-weight protomeric forms of acetyl-CoA carboxylase into high-molecular-weight polymeric forms, and it has been suggested that this change in quarternary structure markedly increases the activity of the enzyme (Vagelos, Alberts & Martin, 1963; Matsuhashi, Matsuhashi & Lynen, 1964; .
Although the bivalent metal ions (Mn2+ and Mg2+) are known to be involved in acetyl-CoA carboxylase activity, it was not previously certain whether both ofthese bivalent cations were required or whether either would suffice when present at optimum concentration (Waite & Wakil, 1962; Matsuhashi et al. 1964; . Definitions of similarities and differences between Mn2+ and Mg2+ with regard to fatty acid biosynthesis, the activity of acetyl-CoA carboxylase and malonyl-CoA decarboxylation are the subjects of this paper. A preliminary report of this work has appeared (Scorpio & Masoro, 1968 (Martin & Vagelos, 1962) . This material, when hydrolysed in alkali and subjected to paper chromatography (Halenz & Lane, 1960) , migrated as a discrete radioactive spot concurrently with authentic [14C]_ malonic acid. The standard assay for acetyl-CoA carboxylase was carried out at 370C in a glass test tube. The assay system contained (final concentrations) in a total volume of 0.5 ml: 50mM-tris-maleate buffer, pH 7.4; 1 mmdithiothreitol; l0mm-citrate (potassium salt), pH 7.4; MgCI2 and MnCI2 at concentrations described in the legends of appropriate tables and figures; 3.3 mM-ATP; 0.4mm-acetyl-CoA; 25mM-KH14C03 (specific radioactivity 4.25 x 105 c.p.m./,umol); 0.25-0.50mg of fractionf, or 0.8-1.2mg of fraction-fo protein. The reaction was started when fraction f0 or f1 was added to the test tube; the incubation time was 5min at 37°C unless otherwise indicated. The pH of the system, determined at 37°C in 02+CO2 (95:5) environment, was found to be 7.25. The reaction was terminated by the addition of 0.5 ml of 0.2M-HCl. To expel residual 14CO2 the contents of each tube were mixed on a vortex rotary mixer, and the air phase was flushed for 30s with 02+CO2 (95:5). The denatured protein was sedimented and 0.2ml of supernatant was transferred to a liquid-scintillation counting vial. The contents of each vial were evaporated just to dryness by simultaneously passing a stream of warm air over the vials maintained on a hot-plate at 600C and irradiating with an i.r. lamp. The residue was dissolved in 0.2ml of water and suspended in the liquid-scintillation system described by Malila, DeMartinis & Masoro (1968) for aqueous samples. Radioactivity was determined by liquid-scintillation spectrometry, the channels-ratio method being used to correct for quenching. Under the conditions of this acetyl-CoA carboxylase assay the reaction rate was linear with respect to protein concentration and fraction f1 had a specific activity eight times that of fraction f0.
Sedimentation of fraction f1 by sucrose-density-gradient centrifugation. Linear sucrose density gradients of 5ml volume containing (final concentrations) 5-20% (w/v) sucrose, 50mM-tris-maleate buffer, pH 7.4, and 1 mMdithiothreitol were prepared in Iin x 2jin cellulose nitrate centrifuge tubes by the method of Martin & Ames (1961) .
On each sucrose gradient 0.1 ml of fraction f, (approx. 0.5mg of protein) was carefully layered and the system centrifuged at 125000g for 4h at 4°C in a Spinco model L ultracentrifuge (SW 50 L rotor) . Fractionation was carried out at 20C by inserting a 27-gauge hypodermic needle through the bottom of the centrifuge tube, sealed against a concave rubber septum to prevent leaks. A continuous series of either 0.14 ml or 0.21 ml fractions was collected dropwise from each centrifuge tube. Each fraction was kept at 2°C until assayed for acetyl-CoA carboxylase activity.
RESULTS
Fatty acid biosynthesis. When the liver cytosol fractions fo and f1 were assayed for fatty acidbiosynthetic activity, the amount of activity found was much greater in incubation systems containing added Mn2+ than in systems containing added Mg2+. For example, the incorporation of 14C from
[14C]citrate into fatty acids by fraction fo (liver 105 OOOg supernatant) was much greater with added Mn2+ than with added Mg2+ (Table 1) . It is particularly striking that fraction fo prepared from starved rats could incorporate more citrate carbon into fatty acids when the incubation medium con- MV12+, Mg2+ AND FATTY ACID BIOSYNTHESIS ammonium sulphate fraction offraction fo) was also greater in a Mn2+_ than in a Mg2+-containing incubation medium (Table 2, I and II) .
It is known that preincubation of liver cytosol with citrate plus Mg2+ enhances its fatty acid- Acetyl-CoA carboxylase activity. Since the action of the bivalent cations Mn2+ and Mg2+ on fatty acid biosynthesis probably involves the acetyl-CoA carboxylase step, the effect of these cations and of ATP on the carboxylase activity of fraction f1 (without preincubation) was investigated ( Fig. 1) . At all ATP concentrations tested the maximum carboxylase activity attainable with Mn12+ is higher than that attainable with Mg2+, and the concentration of Mn2+ required to promote this maximum activity is lower than the corresponding concentration of Mg2+. The procedure for assay of fatty acid-biosynthetic activity was as follows. The incubation mixture for determining incorporation of 14C from acetyl-CoA into fatty acids contained (final concentrations) in a volume of 0.5 ml: 50 mM-tris-maleate buffer, pH 7.4; 1 mM-dithiothreitol; 80 mM-sucrose; 4 mM-ATP; 20 mM-MgCl2 or 2 mM-MnCl2 as indicated; 25 mm-KHCO3; 10 mM-sodium DL-isOcitrate; 0.38 mM-NADP+; 20 mm-creatine phosphate; 40ug of creatine phosphokinase; 0.4mM [1-4C]acetyl-CoA (specific radioactivity 1.4 x 106 C.p.m./ftmol) and 0.25mg of fraction-fi protein. Each system was incubated at 370C for 60min. The general procedure for preincubation was as follows. With the exception of fraction-fi, KHCO3, NADP+, acetyl-CoA, ATP and the ATP-regenerating system (creatine phosphate and creatine phosphokinase), all ingredients of the fatty acidbiosynthetic assay system were present at the concentrations noted above. ATP was either totally absent or present at a concentration of4mM; sodium DL-isocitrate was present at a concentration of 10mM and fraction-f1
protein was present at a concentration of 2 mg per ml of preincubation medium. Preincubation was for 30 min at 38°C. Fig. 2 .
The activation of acetyl-CoA carboxylase during proincubation with citrate and Mg2+ is inhibited by ATP (Fig. 3) Sucrose-density-gradient-centrifuqgation 8tudie8 of acetyl-CoA carboxylace activity. The differences between Mn2+ and Mg2+ with regard to acetyl-CoA carboxylase were further defined by experiments utilizing sucrose-density-gradient centrifugation. The sedimentation pattern of fraction-fi protein in 5-20% sucrose density gradients revealed the presence of slow-and fast-sedimenting peaks of acetyl-CoA carboxylase activity (Fig. 4) Table 3 and the Experimental section except for the assay times indicated on the abscissa. o, Enzyme assayed with 2mm-MnC12; e, enzyme assayed with 12mM-MgCl2. Time with ATP in preincubation medium (min) Fig. 3 . Effect of ATP on the activation of acetyl-CoA carboxylase by citrate plus Mn2+ or Mg2+. Preincubations were carried out as described in Table 3 with the exception that 3.3 mm-ATP was added for the elapsed time indicated on the abscissa. After preincubation, acetyl-CoA carboxylase activity was assayed as described in Table 3 and the Experimental section. Percentage activation was calculated from the arbitrary value of 100 assigned to the increase in 14C02 fixed after preincubation of fraction f1 with citrate and either 2mx-MnCl2 (a) or 12mM-MgCI2 (0) in the absence of ATP. acetyl-CoA carboxylase activity in the Mg2+-containing medium increased almost linearly with respect to phosphate concentration (Fig. 5) ; however, in the Mn2+-containing medium increasing the phosphate concentration did not stimulate. After sedimentation of fraction f1 by sucrose-density gradient centrifugation in the system containing 20mM-phosphate, slow-and fast-sediimenting peaks of acetyl-CoA carboxylase activities were observed when the assay was carried out with either Mn2+ or Mg2+ (Fig. 6) . protein and the standard assay medium described in the Experimental section. Potassium phosphate (KH2PO4+ K2HPO4, pH 7.4) was added at increasing concentrations as indicated. o, Enzyme assayed with 2mM-MnCl2; *, enzyme assayed with 12mM-MgCl2. Protein fraction f1 was prepared by suspension in and dialysis against 20mM-tris-maleate buffer, pH7.4, instead of 20mM-phosphate. Acetyl-CoA carboxylase activity was assayed by the standard procedure described in the Experimental section. The assay medium contained 10mM-phosphate. Protein fraction fi was prepared by suspension in and dialysis against 20mM-potassium phosphate. Additional details are given in the Experimental section.
Mn2+ in the medium containing less than mmphosphate decreased when fraction f, was aged at 2°C for 20h (Fig. 7) . This decrease related to a loss in the slow-sedimenting peak of acetyl-CoA carboxylase activity (Fig. 8 ) and was probably due to the instability of protomeric forms of the enzyme.
DISCUSSION
The results of the present study show the following differences between Mn2+ and Mg2+ with regard to the acetyl-CoA carboxylase activity and the net formation of malonyl-CoA by a 0-30%-saturation ammonium sulphate fraction of rat liver cytosol (fraction fi). First, Mn2+ promoted acetyl-CoA carboxylase activity of the protomeric form of the enzyme under conditions in which Mg2+ did not. Secondly, Mn2++ATP had little inhibitory effect on the polymerization of acetyl-CoA carboxylase whereas Mg2++ATP were markedly inhibitory. Thirdly, under conditions in which utilization of malonyl-CoA in condensation reactions was prevented, the steady-state concentration of malonylCoA was much greater with Mn2+ than with Mg2+.
Evidence supporting the first point was obtained by the sucrose-density-gradient-centrifugation studies of the acetyl-CoA carboxylase activity of fraction fl. Mn2+ but not Mg2+ was found to promote the catalytic activity of slow-sedimenting material in the assay systems containing less than 1 mM-phosphate. Further sucrose-density-gradient analysis showed that this difference did not result from a polymerization of acetyl-CoA carboxylase by Mn2+ and citrate during the assay for enzymic activity (R. M. Scorpio & E. J. Masoro, unpublished work) . It is striking that, by increasing the phosphate concentration to 20mM, the slow-sedimenting formsof acetyl-CoAcarboxylasewere equally active with either Mn2+ or Mg2+. Apparently the activity ofthe protomeric forms ofthe enzyme were sensitive to the ionic environment and under certain conditions only Mn2+ was capable of bringing about enzymic activity. Further purification of acetyl-CoA carboxylase by adsorption on calcium phosphate gel (Matsuhashi et al. 1964) One fraction (not aged) was centrifuged (see the Experimental section) and the supernatant was assayed immediately for acetyl-CoA carboxylase activity by the standard procedure described in the Experimental section. The other fraction (aged) was allowed to stand at 2°C for 20 h before centrifugation and assay of supernatant.
meric forms or from their conversion into polymeric forms during exposure to the high concentrations of phosphate required in the purification procedure. The former seems more likely, since aging caused a disappearance in the activity of the slow-sedimenting forms (Fig. 8 ). However, it should also be noted that have found that phosphate can promote the polymerization of highly purified chicken liver acetyl-CoA carboxylase. The large amount of purified enzyme necessary to determine which of these possibilities is the case could not be readily obtained; therefore, since it was not a major point of our study, such experiments were not carried out. The second point, i.e. that Mn2+ +ATP have much less inhibitory effect on citrate-induced polymerization of acetyl-CoA carboxylase than Mg2+ +ATP, is established by the data reported in Table 2 and Fig. 3 . That Mg2+ +ATP inhibit acetyl-CoA carboxylase polymerization has been previously shown by Fang & Lowenstein (1967) and by Greenspan & Lowenstein (1968) . The latter authors also proved that this inhibition was not the result of metal-ion chelation by ATP (Greenspan & Lowenstein, 1967) . The possible difference in free ATP concentration between the Mg2++ATP and the Mn2++ATP systems cannot be of sufficient magnitude to account for the much lower inhibitory effect of the Mn2++ATP system on the polymerization of acetyl-CoA carboxylase (Walaas, 1958 Additional experimental details are given in the Experimental section.
reaction). Since malonyl-CoA decarboxylation, a separate activity from simple mass-action reversal of the carboxylation reaction, does not require bivalent metal ions , it is possible that Mn2+ acts to facilitate transfer of malonyl-CoA from a site that promotes decarboxylation on the complex of enzymes involved in fatty acid synthesis to a site where condensation reactions involving malonyl-CoA would occur on the fatty acid synthetase if the necessary cofactors were present. The results in Table 2 are consistent with this suggestion. The two differences noted with regard to the effects ofMg2+ and Mn2+ on acetyl-CoA carboxylase activityexplain,atleastinpart,ourfindingthatfatty acid biosynthesis occurs at a much higher rate with M.n2+ than with Mg2+ in liver cytosol preparations asayed in the routine fashion in a medium containing ATP, citrate or isocitrate and low concentrations of inorganic phosphate. Under these conditions the protomeric forms ofacetyl-CoA carboxylase will be active from the very start of the fatty acid-biosynthetic assay when Mn2+ is present but not when Mg2+ and no Mn2+ is present. Also, during the assay citrate or isocitrate activation of acetyl-CoA carboxylase will occur if Mn2+ is the bivalent cation but not if Mg2+ is. Since acetyl-CoA carboxylase is usually the rate-limiting enzyme in fatty acid biosynthesis, the increase in its activity should cause an increase in the rate of fatty acid biosynthesis, as indeed is the case. That Mg2+ causes a higher rate of decarboxylation of malonylCoA than Mn2+ may also partly account for the higher rates of fatty acid biosynthesis with Mn2 . Also, if the hypothesis that Mn2+ facilitates the transfer of malonyl groups to the condensation site of fatty acid synthetase is the case, this also would serve as part of the mechanism for enhancement of fatty acid biosynthesis by Mn2 .
